The natural history of type D simian retrovirus (SRV) infection is poorly characterized in terms of viral load, antibody status, and sequence variation. To investigate this, blood samples were taken from a small cohort of mostly asymptomatic cynomolgus macaques (Macaca fascicularis), naturally infected with SRV type 2 (SRV-2), some of which were followed over an 8-month period with blood taken every 2 months. Provirus and RNA virus loads were obtained, the samples were screened for presence of antibodies to SRV-2 and neutralizing antibody titers to SRV-2 were assayed. env sequences were aligned to determine intra-and intermonkey variation over time. Virus loads varied greatly among cohort individuals but, conversely, remained steady for each macaque over the 8-month period, regardless of their initial levels. No significant sequence variation was found within an individual over time. No clear picture emerged from these results, which indicate that the variables of SRV-2 infection are complex, differ from those for lentivirus infection, and are not distinctly related to disease outcome.
The simian retroviruses (SRVs) are type D retroviruses only distantly related to the lentiviruses. They infect various Asian macaque species and can cause a fatal immune deficiency (7, 11, 12, 13, 22, 30) , similar to that induced by simian immunodeficiency virus (SIV) in macaques. Of the five simian retrovirus neutralization serotypes identified (SRV-1 to SRV-5), three (SRV-1 to SRV-3) have been molecularly cloned and genomically sequenced (27, 29, 34) . Disease caused by the more commonly found SRV-2 infection in macaques is characterized by diarrhea, fever, chronic weight loss, anemia, and sometimes retroperitoneal fibromatosis, a tumor of connective tissue origin (21) . As in SIV infection, secondary opportunistic infections often develop in diseased monkeys (13, 25) .
Type D retroviruses emerged as serious pathogens associated with immune deficiency between 1983 and 1985 to devastating effect in primate centers across the United States, including those in New England, California, Oregon, and Washington (7, 21, 30) . The prevalence of type D retrovirus infection in these breeding colonies reached epidemic proportions; in the California Primate Center, for example, almost all adult macaques were infected with either SRV-1 or SRV-2 and the mortality rate among juveniles less than 2 years of age approached 50% (17) . This was particularly disturbing since these monkeys represented a large proportion of primates used for biomedical research. Thus, considering the severity and frequency of disease caused by SRV-2 infection in macaque breeding populations, it is surprising that so few data exist on the probable correlates of disease, such as proviral copy numbers, RNA plasma levels, and antibody status. These variables are critical in determining the course of other retroviral disease therapy in humans, such as human immunodeficiency virus (HIV)-infected individuals (5, 6, 26) . We have therefore hypothesized in this investigation that the course of SRV-2 induced disease will be determined by the same factors.
Data from SRV-1 experimentally infected macaques suggest that pathogenesis-associated parameters follow three profiles in which monkeys (i) died shortly after presenting with symptoms of disease, were viremic, but lacked detectable serum antibodies; (ii) remained alive after developing a mild form of disease, with low-grade viremia, and transient initial antibody response; and (iii) were asymptomatic, with high levels of serum antibodies and transient viremia (15, 23) . While these studies correlate SRV-1 disease progression with the abovementioned parameters, no quantitative data exist on virus loads. Likewise, comparative data on SRV-2 viral load over time in animals or even a range of viral loads between animals have not been reported. Additionally, the relationships between antibody status, plasma and cellular viral load, and sequence variation in SRV-2-infected macaque individuals remain unclear.
To investigate the natural history of SRV-2 infection, virus load, antibody status, and sequence variation were measured in a cohort of naturally infected but clinically stable asymptomatic cynomolgus macaques (Macaca fascicularis). Blood samples were taken from eight macaques on four occasions over the course of 8 months. To establish a range of viral loads for asymptomatic macaques, we took additional blood samples from other naturally infected monkey individuals with no signs of disease. Blood samples taken just before or at the time of death from diseased macaques served as controls. This analysis on a cohort of largely asymptomatic monkeys, a population in which it is difficult to identify correlates of disease, allowed us to confirm and extend data reported for SRV-1 infection and to compare SRV-2 virus load with that of other retroviruses.
MATERIALS AND METHODS
Study samples. Seventeen cynomolgus macaques were identified by virus isolation as type D positive at the National Institute of Biological Standards and Control during the course of their ongoing type D retrovirus screening program to eliminate infected animals from AIDS research. PCR specifically determined the isolates to be SRV-2. Three-milliliter samples of whole blood were taken from all animals as part of their veterinary care. Of the 17 monkeys, 14 were asymptomatic for clinical signs of disease and 3, from which a blood sample was collected near or at the time of death, died of SRV-2-related illness. Clinical signs of disease included weight loss (L121 and L34), massive enlargement of the mesenteric lymph nodes (L121), neoplasia (L34), and enlargement of lymph nodes, spleen, and liver (L34 and 845). Eight of the 16 animals were followed over an 8-month period, and whole blood samples were collected from this cohort at 2-or 3-month intervals on four occasions. Samples from two uninfected macaques, as determined by virus isolation and PCR, served as negative controls.
Cells and plasma separation. Peripheral blood mononuclear cells (PBMCs) from each of the 17 monkeys were fractionated from 3 to 5 ml of EDTAcollected blood by Ficoll-Hypaque (Sigma) gradient centrifugation, washed in phosphate-buffered saline (PBS), and aliquoted at 10 6 cells per ml. The PBMCs were either cocultured with Raji cells (a Burkitt lymphoma B-cell line) (8) , for virus isolation, after which DNA was extracted, or stored frozen in liquid nitrogen in 10% dimethyl sulfoxide (Sigma)-50% fetal calf serum (FCS) (Gibco)-40% RPMI 1640 (Gibco). Additionally, aliquots of 1 ml of plasma were frozen in liquid nitrogen for RNA extractions and neutralizing antibody assays.
Virus isolation. Raji cells (8) were maintained in RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine, and 1% penicillin and streptomycin. One million PBMCs were cocultured with 2 ϫ 10 5 Raji cells in 24-well plates. Cells were passaged every 4 days and observed daily for 3 weeks for syncytium induction.
IFM. SRV-2-infected human lung carcinoma cells (A549) (18) were maintained in Dulbecco's modified Eagle medium supplemented with FCS and antibiotics as described above. For immunofluorescence microscopy (IFM) assays, coverslips were seeded in six-well plates with 5 ϫ 10 5 SRV-2-infected A549 cells and incubated for 16 to 20 h at 37°C. Cells were fixed on coverslips in 50:50 methanol and acetone for 10 min on ice, washed in PBS, and air dried at room temperature. Cells were incubated with antiserum (diluted 1:50 in PBS) for 1 h at room temperature, and unbound antibody was removed by three washes in PBS-3% FCS. Fluorescein isothiocyanate-conjugated anti-macaque immunoglobulin G (Sigma) diluted 1:40 in PBS-3% FCS was added for 20 min at room temperature. Coverslips were washed once in PBS-3% FCS and three times in PBS, counterstained in PBS-0.5% Evans blue (Sigma), and mounted onto slides in PBS-50% glycerol. Fluorescent cells were observed microscopically for cytoplasmic and envelope staining. Human and monkey sera negative for type D retrovirus by culture assays were included as negative controls.
Virus neutralization assay. Seven days postinfection, neutralizing antibody titers to SRV-2 were assayed by syncytium induction in Raji cells. Fifty-microliter plasma samples, serially diluted twofold with RPMI 1640 containing 10% FCS, were incubated at 4°C for 30 min with 50 l of cell-free virus (100 50% tissue culture infectious doses) in duplicate wells of a 96-well plate. Following incubation, 10 4 Raji cells (50 l) were added to each well, plates were incubated at 37°C for 24 h, and 150 l of medium was added. Four wells of cells received an equivalent amount of virus without the addition of the plasma sample (virus control).
DNA and RNA isolation. PBMCs were counted and resuspended in TST buffer (10 mM Tris-HCl [pH 7.5], 0.32 M sucrose, 1% Triton X-100). Nuclei and cell debris were pelleted by centrifugation at 12,000 ϫ g for 30 s and resuspended in an appropriate volume of TENT buffer (10 mM Tris-HCl [pH 8.3], 1 mM EDTA, 0.5% Nonidet P-40, 0.5% Tween 20) and proteinase K (200 g/ml). The lysate was incubated overnight at 56°C, heat inactivated at 85°C for 10 min, and stored at Ϫ20°C. RNA was isolated from plasma by using a commercially available kit (Qiagen), resuspended in nuclease-free water, and immediately converted to cDNA by a reverse transcriptase.
cDNA synthesis. To synthesize cDNA, 5 l of plasma-isolated RNA was added to a 15-l cocktail containing, at initial concentrations, 10 U of avian myeloblastosis virus reverse transcriptase (Promega), 2.5 mM deoxynucleoside triphosphates (Advanced Biotechnologies), 5 M antisense primer (Oswel DNA), and 20 U of RNAsin RNase inhibitor (Promega) and incubated in a thermocycler (Perkin-Elmer/Cetus) at 42°C for 30 min, followed by a 95°C inactivation step for 3 min. cDNA was amplified as described below.
In vitro enzymatic amplification. Proviral DNA and plasma RNA were quantified by limiting dilution and nested PCR carried out as described for HIV (28) . First, DNA from a known quantity of uncultured PBMCs and cDNA from plasma were serially diluted down a 1:4 gradient with deionized water and then amplified by nested PCR to determine that the last dilution at which a positive signal could be detected (endpoint dilution). For all in vitro amplification reactions, diluted and undiluted samples of DNA were added to a cocktail of buffers containing initial concentrations of 25 mM MgCl 2 , 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 5 mol each of dATP, dCTP, dGTP, and dTTP, 20 pmol each of the sense and antisense primers, and 2.5 U of Taq DNA polymerase (Gibco) in a total reaction volume of 50 l. The reaction mixture was the same for first-and second-round amplifications.
A region within the gp70 SRV-2 envelope gene was targeted with a nested set of conserved oligonucleotide primer pairs as previously described (10) . Template strands were subjected to a total of 30 amplification cycles, yielding a 440-bp product between base positions 6247 and 6687. After the second round of amplification, appropriately sized products (440 bp) were identified by electrophoresis on a 1% agarose (Sigma) gel, followed by ethidium bromide staining under UV light. Negative and positive controls were included in all experiments. Extraction and storage of DNA, nested PCR, and gel electrophoresis were performed in separate laboratories to avoid PCR carryover and sample contamination (16) .
Nucleic acid quantification. The virus load was estimated from the last dilution at which a positive signal was detected. The endpoint dilution concentration was treated as a single sample replicated 92 times in a 96-well plate along with four negative controls. The 92 replicates were amplified by PCR, and resulting products were examined for the target fragment as described above. The mixture of positive and negative results in a 92-sample replicate was used to infer a maximum likelihood estimator of the mean number of viral particles per reaction that were present preamplification. (The mean number of virus particles per reaction is equal to Ϫln [F] , where F is the fraction of negative reactions in the 92-sample replicate, as previously described [28] .) The average, corrected for sample and dilution volumes, was then used to estimate the number of DNA or RNA molecules in the original sample solution. Advantages of using this method of virus load estimation include its statistical accuracy as well as its likely distribution of a single molecule per well (28) . Since a single SRV-2 virus molecule is usually present in positive wells, the need for cloning is eliminated. This method allows for the analysis of sequence variability between individuals and within populations of SRV-2 without problems of sequence population mixture.
DNA sequencing. Multiple samples from each time point for each individual were selected for sequencing to infer intramonkey variation. To increase the likelihood of single-molecule distribution, SRV-2 cDNA and provirus were isolated by limiting dilution, amplified by nested PCR, and directly sequenced. Amplified product DNA was eluted through a spin column (Qiagen) to remove salts and unincorporated oligonucleotides and deoxynucleoside triphosphates. For the sequencing reaction, around 50 ng of purified amplified product was added to 3.2 pmol of either the forward or the reverse primer. The mixture was denatured at 100°C for 2 min and then kept on ice until the addition of 8 l of Terminator Ready Reaction mix, supplied with the dRhodamine Terminator Cycle Sequencing Ready Reaction kit (ABI). The 20-l reaction volume was overlaid with a top layer of white light oil to prevent evaporation, pulse spun, and subjected to an automated thermocycler program on a DNA Thermal Cycler 480 (Perkin-Elmer/Cetus) of 25 cycles of denaturation at 96°C for 10 s, primer annealing at 50°C for 5 s, and extension at 60°C for 4 min. Unincorporated dye terminators and excess primers were removed from the extension products by standard ethanol precipitation. Purified products were allowed to dry at 40°C for 3 to 5 min. Sequencing products were reconstituted with template suppression reagent (ABI), resolved by electrophoresis, and analyzed by an Applied BioSystems model 310 genetic analyzer and automated sequencing software.
Quantitative sequence data analysis. Sequences were aligned by eye and by using CLUSTAL (14) against the homologous region of an SRV-2 sequence previously generated (accession no. M16605) (34) . The alignments were entered into the PAUP (Phylogenetic Analysis Using Parsimony) 3.1.1 computer program (31) to produce a data matrix consisting of 45 samples and 311 characters. Gaps were considered as a fifth character state and deleted from all analyses. After removal of positions in the alignment in which gaps had been inserted, DNA distance matrices were constructed for all 45 samples, using a correction for multiple substitutions and relatively rapid rate of divergence (32) . Genetic diversity was compared by averaging distance estimates from multiple isolates for the same individual.
Nucleotide sequence accession numbers. The viral sequences obtained in this study have been submitted to GenBank under nucleotide accession no. AF191840 to AF191905.
RESULTS
RNA and DNA virus load. The SRV-2 virus load in a single individual or its range across infected individuals was investigated. Quantitatively, cellular viremia is expressed as provirus copies per 2 ϫ 10 6 cells, while plasma viremia is expressed as RNA copies per milliliter of plasma. Viral loads were estimated by endpoint dilution analysis and by PCR amplification. The last dilution at which a positive signal could be detected was treated as a 92-sample set; after amplification by nested PCR, the positive signals were counted to estimate virus load. Viral load calculations were based on the null class of a Poisson distribution, described previously (28) . To assess the reproducibility of our assay, virus loads were replicated on many of these samples and found to be similar. Table 1 compares viral loads from plasma RNA and those from cellular DNA for all monkeys. For the cohort of monkeys followed over time (Fig. 1) , only loads from the final time point are compared ( Table 1 ). The number of RNA copies in 1 ml of plasma varied greatly among asymptomatic individuals. In five monkeys (087, 631, 176, LR68, and LR78), plasma viral RNA could not be detected in the 92-sample replicates amplified by nested PCR. Similarly, low but detectable estimates of RNA copies were calculated for monkeys 18, 596, and 203 (Ͻ1 RNA copy/ml) and 905 (6.2 RNA copies/ml). In contrast, higher loads were estimated for monkeys 928 (1,271.6 RNA copies/ml), 429 (1,448.6 RNA copies/ml), LR50 (2,497.3 RNA copies/ml), LR70 (6,905.5 RNA copies/ml), and LR83 (10,383.9 RNA copies/ml). Plasma viremia ranged from undetectable to over 10,000 RNA copies per ml over all time points (Table 1 ; Fig.  1) .
In monkeys where plasma RNA virus loads were over 1,000 particles/ml of plasma (e.g., animals 928, 429, LR50, LR60, and LR83), provirus loads were also extremely high (Table 1) . There was little agreement between the amount of virus found in plasma compared to proviral DNA (Table 1) . Provirus loads tended to be much higher than plasma virus loads, and disparities between the two measurements varied from no essential difference (e.g., animals 18, 176, and 845) to up to 4-logshigher proviral load (e.g., animals 928, 905, LR70, and LR83) ( Table 1) . Not only did proviral loads vary immensely among monkeys with disease, but there were disparities between those measured at two time points in each of two individuals (samples taken 1 month [L34] and 5 months [L121] apart) ( Table  1) . Very high provirus loads found in both asymptomatic and monkeys with disease (Ͼ100 copies per cell) may be artificially elevated by the detection of provirus DNA along with circular, unintegrated viral DNA.
While plasma virus load varied greatly among individuals, it largely remained steady in each macaque over the 8-month period, with one exception (Fig. 1) . The viral load in animal 928 had a 2-log variation over the 8-month period, in contrast with those in the rest of the cohort, whose loads remained within the same log value, regardless of the virus load measurement at time point 1 (Fig. 1) .
Antibody detection. The antibody response to plasma virus load was evaluated in all animals by IFM (data not shown) and compared with RNA viral load for each time point (Table 2) . Most samples were clearly positive, but a few remained indeterminate (monkeys 928 at time point 1, 18 at time point 1, 631 at time points 1 and 2, and 176 at time point 4) even after repeated testing (Table 2 ). In general, seropositive monkeys also had low (or undetectable) plasma viral load levels over all time points (905, 087, 176, and 596 [ Table 2 ]). Conversely, in monkeys where the viral loads were high, antibodies were undetectable (e.g., animal 928 at time points 3 and 4 and animal 429 at time points 2 and 4) ( Table 2) . Neutralizing antibody responses. Neutralizing antibody titers against SRV-2 were assessed at all time points in eight macaques for which samples were available and then compared to plasma virus load (Table 2) . Neutralizing activity fluctuated in each individual over the study period. In general, neutralizing antibody inversely mirrored plasma viremia levels for each monkey. Neutralizing activity was consistently higher in monkeys whose plasma RNA viral loads were undetectable (631, 176, 596, and 203) or Ͻ100 copies/ml of plasma (905, 18, and 087) ( Table 2 ). This trend was clearly shown in animal 928, which had low neutralizing antibody levels and high virus loads at time points 3 and 4 but high neutralizing activity and low virus load at time point 2 ( Table 2) . Monkey 845 was the only one to have both a low virus load and undetectable neutralizing antibodies. This monkey, however, was showing signs of disease whereas the others tested for neutralizing activity were asymptomatic. Antibodies to SRVs were found in serum samples taken prior to viral load testing from diseased monkey L121 but not from monkey L34. These monkeys were not tested for neutralizing antibodies.
Sequence variation. We sought to determine whether more genetic variation in env exists between individuals who have high viral loads than in those whose loads are almost undetectable. Three to five multiple isolates from each animal were sequenced directly from cDNA present in vivo which is not affected by the in vitro selection of potential virus variants. Distance estimates were averaged in order to infer genetic variation between monkeys and between time points for the same individual (Fig. 2 ). An appreciable amount of variation was found, and average distances among SRV-2 isolates within individuals (range, 0.003 to 0.094) were similar to those found among individuals (range, 0.002 to 0.165) (Fig. 2) . To assess load-specific variation, nucleotide divergence between highand low-virus-load populations was assessed. Nucleotide divergence is the component of diversity not explained by polymorphism within virus populations (24) . To estimate nucleotide divergence, nucleotide distances were averaged among all time points in each monkey. Very little average nucleotide divergence Ϯ standard error was found to exist between monkeys 928 (high load) and 087 (low load) (0.006 Ϯ 0.008), 928 and 18 (low load) (0.016 Ϯ 0.008), 928 and 596 (low load) (0.014 Ϯ 0.009), and 928 and diseased monkey 845 (0.012 Ϯ 0.008). Similar low divergence estimates were found between monkeys 429 (high load) and 18 (0.016 Ϯ 0.012) and monkeys 429 and 596 (0.001 Ϯ 0.003). Together, these results indicate that no significant difference in variation exists between populations of high and low virus load.
DISCUSSION
Unlike other retrovirus infections, almost nothing is known about the natural history of type D infection. This study focused on a cohort of largely asymptomatic monkeys, naturally infected with SRV-2, in order to understand the roles of variables such as viral load, antibody status, and sequence variation in the natural history of infection.
Recovery from artificially induced SRV-1 infection is related to the disappearance of virus from plasma and PBMCs (23) . Because the animals in this study remained mainly asymptomatic, failing to progress to disease in the study period, whether or not virus is immunologically cleared from plasma and PBMCs cannot be inferred from our data. However, our results indicate that low plasma viral load is associated with a higher neutralizing antibody response (monkeys 631, 176, 596, and 203 [ Table 2 ]), perhaps indicating some protective effect as reported by others for SRV-1 (23) . Additionally, animals with high viral loads had little to no antibody response (Table 2) , a pattern which was also found in monkey 928 at time points 2, 3, and 4, where viral loads and antibody response varied (Table  2) . These data are consistent with others (15) in which SRV-1-challenged monkeys survived with persistent viremia (measured by culture) but had declining antibody levels as viremia became more persistent. In contrast, studies on HIV-infected healthy individuals have suggested that differences in viral load levels are not associated with the presence of neutralizing antibodies (3). Only monkey 845 was found to have both nonneutralizing antibodies and a low viral load ( Table 2 ). This monkey, whose blood was taken before death, was also the only animal to show continuous signs of disease. Thus, when type D testing programs in macaque breeding colonies are being considered, it should be noted that antibody testing alone is an insufficient determinant of infection (19) .
It is possible that the profiles seen for SRV-2 viral loads and neutralizing antibody responses may be indicative of those seen in HIV infection over time, involving initial viremia and rapid antibody production followed by some viral clearance (1, 9) . However, whereas in HIV there is no humoral protective immunity, in SRV-2 infection there does seem to be some protection, as evidenced by neutralizing antibody production and correspondingly low plasma viral loads. In general, the strength of the antibody response was inversely related to the viral load estimates, although these results were not statistically significant by Spearman's rank coefficient (P Ͻ 0.01) in our limited sample.
It should be noted that others have found it difficult to coculture SRV-1 in PBMCs from animals having high levels of antibodies (15) . In contrast, and in common with HIV (35), SRV-2 was easily cocultured from PBMCs regardless of serum antibody levels (data not shown).
While there was a wide range in plasma viral burden between monkeys, the load within monkeys (estimated only for the last time point) over the 8-month study period remained relatively constant. In two of these animals (928 and 429), provirus load estimates indicated that there were multiple copies per cell, a situation which also might extend to animals with low proviral load. These estimates may be due to the fact that a large number of proviruses is in linear, unintegrated form, as seen in HIV (4). Thus, most of the proviruses detected are probably either defective or uninfectious virus particles.
The gp70 region in the env gene is the most likely region to find genetic variability both among the three sequenced serotypes of SRV type D viruses (34) and specifically between different isolates of SRV-2 (20) . Thus, we chose a region of gp70 to estimate the quantity and level of sequence variation among isolates. There was some overall sequence variation. Interestingly, the range of SRV-2 variation found within (0.30 to 9.4%) and among (0.20 to 16.5%) monkeys is similar to the variation found in a cohort of hemophiliacs infected from a single source (mean intrapatient [5.5%] and interpatient [8.3%] variation) (2) . On the other hand, the monkeys are imported from various populations, kept in different colonies, and infected from multiple sources. Thus, unexpectedly, SRV-2 sequences vary to the same extent as HIV-1 under certain circumstances.
Importantly, there was just as much variation distributed among isolates in an individual as there was averaged among individuals ( Fig. 2) , indicating that there is no structure to the variation. Divergence estimates, which showed little difference in sequences obtained from high-viral-load individuals compared to low-viral-load individuals, confirmed this assumption.
In conclusion, our results from mainly clinically stable, asymptomatic animals, a population in which it is difficult to identify correlates of disease, suggest that no clear pattern emerged among factors that contribute to the natural history of SRV-2 infection on a molecular level. RNA and proviral loads varied greatly among both diseased and asymptomatic individuals. However, RNA virus loads remained steady for each individual throughout the study period, regardless of initial levels. In the asymptomatic individuals, viral loads tended to have an inverse relationship to neutralizing antibody levels so that higher neutralizing activity was found in monkeys with low viral loads. However, the diseased monkey had antibodies, but none that were detectably neutralizing, coupled with low viral loads. Finally, genetic variation was not structured between low-viral-load and high-viral-load isolates.
